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Groove, or Evolving off the Rails?Canalization, the robust buffering against fluctuations, is often regarded as
an essential feature of development. A new study identifies a genetic circuit
dedicated to canalization in Drosophila melanogaster and shows striking
variability in its use in different fly species.Kristen A. Panfilio and Siegfried Roth
The term canalization was first used by
the embryologist and theoretician
C.H. Waddington [1] to explain the
observation that development nearly
always generates the same, successful
phenotypic outcome despite potential
external disturbances or inherent
noise. Waddington depicted this
concept graphically as a ball rolling
through a ‘developmental landscape’,
where the ball’s path represents the
developmental trajectory of a single
organism against the landscape of
possible paths [2]. As the ball moves
through the landscape, the path
becomes increasingly determined as
the landscape becomes increasingly
steep, with clear valleys through which
the ball can roll. These valleys are thus
the ‘channels’ into which canalized
development is directed. What aspects
of development contribute to the
steepening of the valley’s slopes, and
when? In a recent paper in Current
Biology [3], the Ferguson lab at the
University of Chicago has identified
multiple, successive mechanisms for
achieving canalization in the fruit fly
Drosophila melanogaster, significantly
strengthening the body of evidence for
this phenomenon in a nuanced way,
and uncovering new functional
requirements for some known
developmental genes.
The authors focus on the role of the
BMP signaling pathway in specifying
the dorsalmost tissue fate in the
Drosophila embryo, the amnioserosa
(Figure 1). Amnioserosa formationdepends on high levels of BMP
signaling in a narrow domain straddling
the dorsal midline of the embryo. How
this peak of BMP signaling is generated
is still not fully understood. At least two
processes are involved. The initiating
mechanism is a reaction-diffusion
system. The broadly transcribed
BMP ligand (Decapentaplegic)
becomes spatially restricted as an
active signaling molecule through
the localized transcription and
extracellular diffusion of an inhibitor
(Short gastrulation) that is itself cleaved
and inactivated by a broadly
distributed protease (Tolloid) [4].
In theory, as shown by computer
simulations, this reaction-diffusion
system can produce a refined BMP
signaling peak with remarkable
precision, given the right values for the
rates of diffusion, decay and complex
formation [5]. In reality, however,
reaction and diffusion alone lead to
only a slight enhancement of BMP
signaling at the dorsal side [3,6].
A transcriptional feedback mechanism
is additionally required to enhance
receptor sensitivity, as the Ferguson
lab had shown earlier by an ingenious
set of experiments [6], giving rise to
new modeling approaches [7–9]. The
experiments described in their new
paper [3] were designed to elucidate
the nature of this transcriptional
feedback. The authors admit that they
still have not found all components,
and how receptor sensitivity is
enhanced at the biochemical level
remains elusive. Even so, the new data
provide an interesting facet of thesystem by identifying a feedback
circuit that is not required for pattern
formation per se, but for reducing noise
in the patterning process, i.e., for
canalization.
By searching for genes expressed in
the dorsal region, where BMP signaling
refinement takes place, the authors
focused on two genes, Eiger (Egr) and
Crossveinless 2 (Cv-2), and showed
that they are involved in regulating
BMP signaling levels, quantified at the
level of the BMP transducer pMad. The
transmembrane Tumor Necrosis
Factor-a homologue Egr acts cell
autonomously to promote BMP
signaling via the JNK pathway. At the
same time, the extracellular, diffusible
BMP-binding protein Cv-2 primarily
acts as a BMP antagonist. A local,
non-diffusible activator coupled with a
diffusible inhibitor might provide the
ideal prerequisite for a patterning
system refining BMP signaling [10].
Indeed, BMP signaling is affected in egr
and cv-2 singlemutants, with halving or
doubling of pMad signal intensity,
respectively, and with alterations in
signal domain width. However,
surprisingly the egr cv-2 double mutant
shows normalized signaling levels that
are comparable to wild type. So, what
is the raison d’eˆtre of this circuitry?
Only statistical evaluation reveals the
answer. In wild type and the single
mutants, BMP levels are changed in a
reproducible way with little variation
across individual embryos. Also, the
resulting number of amnioserosal cells
increases or decreases in a
correspondingmanner. In contrast, this
reproducibility is lost in the double
mutant. BMP signaling levels and the
number of amnioserosa cells become
highly variable. The process is
‘de-canalized’. In further evidence for
de-canalization, the authors show that
this genetic background sensitizes the
embryo to a downstreamBMPpathway
mutant that normally has no
phenotypic effect, exemplifying the
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Figure 1. Multiple canalization approaches at different developmental stages.
Developmental progression in the fruit fly is shown from left to right, from cellularization of the
early embryo. Peak dorsal levels of the BMP signaling readout, pMad (red), are required for
specification of the amnioserosal tissue (red). The authors [3] have uncovered several mech-
anisms of ensuring robust development at different stages in this process in D. melanogaster.
In D. yakuba, canalization happens later, after BMP signaling, while in D. santomea the
absence of canalization can lead to variable success rates in completing development (blue
text for these species). WT, wild type.
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it is not buffered.
One intriguing aspect of the joint
requirement for the opposing
regulatory effects of Egr and Cv-2 is
their own regulation. Both genes are
broadly transcribed on the dorsal side
of the embryo prior to the stage of BMP
signal refinement. Their transcription
turns out to be dependent on the
homeodomain transcription factor Zen.
It was already known that Zen is
required for definitive amnioserosa
specification [11], but the significance
of the early, broad expression of zen
had previously been unknown. Here,
the authors can ascribe a key upstream
function of early Zen in the transcription
of the two components required for
BMP signal canalization.
The role of Zen in establishing this
regulatory circuit is made still more
evident in comparative analyses with
the related species Drosophila yakuba
and Drosophila santomea. Intriguingly,
both of these species exhibit variable,
non-canalized BMP signaling.
Consistent with this, they show no
broad early zen or Egr expression,
which in turn correlates with the
presence of natural mutations in two
of four binding sites required for the
early transcription of zen.
In deciphering the early genetic
circuit involving Zen, Egr, and Cv-2, the
authors also identified subsequent
ways in which canalization is achieved.
Halving pMad levels in an egr mutant
does not proportionately perturb
amnioserosal cell number, implying
that wild-type levels are nearly doubleof what is strictly required. At the other
extreme, doubling pMad levels yet
again in a cv-2 mutant also did not
markedly affect cell number. Even if
the number of amnioserosal cells
does deviate from wild type — as by
introducing an additional mutant within
the de-canalized background [3] or by
altering the dosage of the BMP ligand
decapentaplegic [12] — this too can be
tolerated over a broad range (Figure 1).
These large tolerances in signal
levels and cell number highlight the fact
that little is known about precisely how
the BMP signal is translated into the
definitive number of cells in the
amnioserosa. This is not only a
question for developmental genetics,
but also one with evolutionary
implications. Although D. yakuba has
non-canalized BMP signaling, the
resulting number of amnioserosal cells
is largely invariant, implying the
existence of a later, as yet unknown
mechanism of canalization in this
species.
If canalization promotes successful
development, what happens if there is
no clear channel, or groove, through
which development progresses?
Strikingly, the sister species to
D. yakuba, D. santomea [13], does not
show any evidence of canalization at
the level of BMP signaling or
amnioserosal cell number. This
non-canalized situation reveals the
potential phenotypic consequences of
extreme variability. One wild-caught
D. santomea line with particularly high
variability in pMad intensity even
produces 10% of offspring with noamnioserosa at all, which the authors
categorize as a ‘developmental
catastrophe’. Clearly, D. santomea is
getting away with a non-canalized
mode of development at present,
but only time will tell whether this
is a successful strategy in the
long term.
The present study predominantly
finds evidence for robustness to
intrinsic, genetic variability. Overall,
temperature as a representative
environmental factor did not have a
striking effect across D. melanogaster
genetic backgrounds or across
Drosophila species. However, the
authors did find a 20% reduction in
amnioserosal cell number for
D. santomea embryos reared at high
temperature. This is consistent with
previous work demonstrating that this
high-altitude species prefers cooler
temperatures [14]. In contrast, the
ecologically widespread and canalized
D. yakuba did not show a strong
response to temperature. Thus the
non-canalized D. santomea also
exemplifies susceptibility to extrinsic
factors.
Over an even broader evolutionary
time scale, one can ask whether a lack
of canalization can lead to the evolution
of morphological novelties. The
Drosophila amnioserosa is an
extraembryonic tissue that transiently
covers the yolk. This vestigial structure
is a secondary reduction from an
ancestral situation in which distinct
serosal and amniotic epithelia cover
both the yolk and the embryo [15].
How the extreme reduction in
extraembryonic tissue within the
schizophoran flies evolved has been an
outstanding question [16]. Two recent
studies [17,18] in other insects, the
scuttle fly Megaselia abdita and the
flour beetle Tribolium castaneum, have
achieved experimental situations with
altered extraembryonic tissue
complements through manipulation of
zen expression, focusing on the (later)
requirement for zen in specifying the
serosa. Allowing for species-specific
tissue topographies, it appears that
sufficient numbers of amniotic cells can
compensate for loss of the serosa,
introducing the potential for a trade-off
tolerance between tissue type and cell
number. Given this plasticity, it is
relatively easy to imagine the conflation
of the serosa and amnion into a single
tissue through alteration in the
expression domains of relevant
patterning genes [19,20]. As work on
Dispatch
R1103additional species continues, the new
consideration introduced here by
Ferguson and colleagues [3] is: to what
extent are these developmental
systems canalized? What novel
mechanisms may other species use for
ensuring the robustness of
development?
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EmergesThe complex ongoing process of species development is highlighted by the
description of a new felid species, Leopardus guttulus, from Brazil. Broad
molecular genetic assessments affirm reproductive isolation and separation in
nature, the hallmark of species recognition.Stephen J. O’Brien1,2,*
and Klaus-Peter Koepfli1
Species recognition used to be simple.
A studious naturalist could wander
about a geographical region to discover
and describe in scholarly detail what
species varieties he might encounter.
Carl Linnaeus was probably the first to
demand some conscious order to the
process with his Systema Naturae
affording Latin binomial and trinomial
names to the taxonomyof living species
[1]. Charles Darwin added another
dimension to the process with On the
Origin of Species, which outlined a
process for creating species diversity
through adaptation, natural selection
and transition [2]. When paleontologist
Steven M. Stanley examined fossil
dynamics among different species he
suggested that it takes on average 1–2million years to make new species, at
least among mammals and vertebrates
[3]. Recently molecular genetic
techniques have weighed in on species
identification and taxonomy using
multi-locus phylogenetic distance,
imputed times of divergence among
species and a molecular clock as
quantifying metrics. Molecular studies
aregenerally concordantwith traditional
morphological inference, but not
always. As scientists tend to focus on
fine-grain details of complex processes
such as speciation, our discussions of
species recognition, species transition,
species definition and species origins
have become complex. In this issue
of Current Biology, Tatiane Trigo,
Eduardo Eizirik and their colleagues [4]
nominate a new species, a small South
American cat (Figure 1), Leopardus
guttulus,previously considered a tigrina(L. tigrinus), illustrating this complexity
quite richly.
Why has species pronouncement
become so very controversial? Well,
because the term species connotes
many different things. Species are the
currency of evolution, the endpoint of
a dynamic process, and each species’
natural history is distinctive. The
process of speciation has become
a discipline of its own with myriad
mechanisms documented and
conjured up by evolutionary biologists
[5,6]. Species definitions are
remarkably heterogeneous from the
traditional ‘biological species concept’,
which asserts reproductive isolation
as the premier distinctive factor
[7] compared to phylogenetic,
morphological, phenetic, cladistic,
and evolutionary species concepts,
not to mention subspecies, ESUs
(evolutionary significant units), stocks
and others subsets, each with various
surrogate characters of the species
recognition proposed. The species
definition controversy is ongoing and
hectoring as the ghost of Ernst Mayr,
formulator of the biological species
concept, haunts all the learned
monographs. The endless exchanges
are reminiscent of U.S. Supreme Court
Justice Potter Stewart’s timeless quip
